Harmonic and anharmonic vibrational frequency calculations are reported for the most stable hydrogen bonded complexes formed between the hydroperoxyl radical and formic, acetic, nitric, and sulfuric acids which are of atmospheric interest. A comparison between the calculated IR spectra of the hydrogen bonded complexes with the corresponding separate monomers is also reported with the aim to facilitate a possible experimental identification of these complexes. The calculations have been carried out using the second-order vibrational perturbative treatment implemented by Barone applied to the PES obtained with the B3LYP functional using the 6-31þG(d,p) and 6-311þG(2d,2p) basis sets. Our calculations for the separate monomers predict vibrational frequencies with quite a good agreement with the experimental values. The anharmonic contribution results in differences of around 40 cm À1 with respect to the harmonic values; although in some cases involving highly anharmonic modes, these differences can rise up to 300 and 450 cm
Introduction
In recent years an increased interest has been observed in the study of the free radicals because of their key role in different fields of science, such as atmospheric chemistry, catalysis, and biological processes. [1] [2] [3] [4] [5] For instance, in Earth's atmosphere the reactions including free radicals are generally fast compared to reactions with closed-shell species. Furthermore, it has been shown that the formation of pre-reactive complexes involving hydrogen bonds has an important role in the kinetic behavior of atmospheric reactions, 4, 6, 7 the photochemistry of the species, 8, 9 the spread of contamination through the atmosphere, and the formation of aerosols. [10] [11] [12] [13] Therefore, the description of pre-reactive hydrogen-bonded complexes formed between radical and neutral molecules becomes essential for understanding the atmospheric reactions. [14] [15] [16] [17] One of the relevant atmospheric radicals is the hydroperoxyl radical (HOO ) . A large amount of research work has been devoted to the hydrogen-bonded complexes between HOO and neutral molecules of atmospheric relevance. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] A great deal of interest in these hydroperoxyl radical complexes resides on the large stability of the hydrogen bond formed, which is even larger than their corresponding water counterpart (changing the HOO for water and maintaining the neutral molecule). On the basis of these stabilities, the existence of HOO -neutral molecule complexes in the atmosphere has been theoretically predicted. [3] [4] [5] One of the main purposes of the papers reported in the literature on this subject is to provide accurate theoretical data to assist in the experimental identification of these complexes. The formation of these hydrogen bonded complexes provokes changes in the vibrational frequencies of the separate monomers and in their intensities as well, which are especially relevant for the IR bands associated to the hydrogen bonds. Moreover, new IR bands arise as a result of the intermolecular interaction.
The majority of the theoretical infrared spectra of these HOO -neutral molecule complexes published are evaluated using the harmonic approximation. However, the relevance of the vibrational anharmonicity in the hydrogen-bonded systems is well-known. [37] [38] [39] [40] In addition, and as far as we know, the few theoretical works about the IR spectra of these types of complexes 24, [30] [31] [32] that took into account the anharmonic effects did not include the coupling between normal modes. Nevertheless, the calculation of the non-diagonal anharmonic mode-mode coupling is essential for the accurate simulation of the IR spectra. Fortunately in the last years many different methodologies have been implemented to evaluate vibrational wavefunctions including both the diagonal and non-diagonal (i.e. mode-mode coupling) anharmonicity. Among them, it is important to remark the vibrational self-consistent field (VSCF) [41] [42] [43] [44] and the second-order vibrational perturbative vibrational treatment (VPT2). [45] [46] [47] [48] [49] In the VSCF procedure each mode vibrates in the average potential generated by all other modes. The correlation between modes can be introduced through post-VSCF procedures such as perturbation theory (VMP2), [50] [51] [52] configuration interaction (VCI), [53] [54] [55] and coupled-cluster techniques (VCC). 56, 57 Although the VSCF and post-VSCF have been successfully applied for a large variety of systems, [58] [59] [60] [61] [62] the present work is focused on the Barone implementation of the VPT2 method, 48 which has become an effective choice of investigating vibrational properties of semirigid molecules [63] [64] [65] [66] [67] and systems involving hydrogen bonds. [68] [69] [70] [71] Moreover, it is worth noting that alternative implementations of the VPT2 approach have also been reported on the literature and successfully applied to a large set of harmonic and anharmonic systems. 46, 49, 72, 73 These methods essentially differ from the Barone VPT2 in the scaling of the force constants, the truncation of the PES used, and the selection of the Fermi resonances explicitly included.
In the Barone VPT2 method, the zeroth-order vibrational wavefunctions are obtained from the harmonic approximation. The anharmonic vibrational wavefunctions and energies are obtained by second-order perturbation theory using all non-resonant harmonic energy terms followed by a variational treatment of the relevant resonant interactions. The secondorder perturbation theory correction is applied to a potential energy surface (PES) approximated by a Taylor series in normal coordinates, q i , that includes the quadratic, and all cubic, and semidiagonal quartic force constants.
At this point it is important to remark that harmonic force constants are not scaled and all the 3N-6 normal modes are included in the fourth-order semidiagonal PES used in the Barone VPT2 approach. The cubic and semidiagonal quartic force constants are computed by a finite difference approach, which scales linearly with the number of normal modes. The second-order perturbation theory correction includes also a kinetic contribution arising from the vibrational angular momentum. Furthermore, the Coriolis couplings and Fermi resonances are also taken into account in the VPT2 approach. In order to determine which Fermi resonances are included, Barone VPT2 algorithm uses the simple formulae of Martin et al. 74 that give quite good estimations of the difference between including explicitly a Fermi resonance and absorbing it into the anharmonic constants (10 cm À1 is used as the default value for maximum allowed difference). Using the VPT2 methodology Carbonniere et al. 66 found that excellent harmonic and anharmonic frequencies for semirigid molecules can be obtained with the B3LYP/6-31þG(d,p) level. This is one of the levels of calculation used in the present work.
Two are the main goals of the present work. First, to provide theoretical anharmonic vibrational spectra for the hydroperoxyl radical-neutral molecule hydrogen-bonded complexes more accurate than their harmonic counterparts.
This theoretical data may assist in experimental detection of the complexes using infrared spectroscopy. As far as we know, neither VSCF nor VPT2 calculations have been reported in the literature for complexes involving hydrogen bonds between the hydroperoxyl radical and a neutral molecule. The second goal is to test the performance of the B3LYP/6-31þG(d,p) level to evaluate the anharmonic contributions using the VPT2 methodology for highly anharmonic systems. The selected complexes for the present study are the most stable hydrogen bonded complexes formed between the hydroperoxyl radical and formic (HCOOH), acetic (CH 3 COOH), nitric (HNO 3 ), and sulfuric (H 2 SO 4 ) acids, all of these systems playing a fundamental role in atmospheric chemistry, e.g. H 2 SO 4 and HNO 3 are components of acid rain. 75, 76 
Computational details
The B3LYP 77, 78 exchange-correlation functional with 6-31þG(d,p) and 6-311þG(2d,2p) basis sets 79, 80 has been used to optimize the geometries of the monomers and complexes and to calculate their frequencies. The calculations for the open-shell systems have been done within the unrestricted formulation, whereas for the closed-shell system the restricted approach has been followed. The spin contamination for all radical systems is very small, with hS 2 i values always o0.755. The anharmonic corrections have been evaluated by the second-order perturbative treatment implemented by Barone, 48, 81 and the requested third and fourth energy derivatives with respect to normal coordinates have been calculated by numerical differentiation of the analytical Hessians. All calculations have been carried out using Gaussian 03. 82 The effect of extending the basis set, by including diffuse functions on the hydrogen atoms, and the functional, was also checked by performing additional calculations on one hydrogen bonded complex and its reactants at B3LYP/6-311þþG (2d,2p), MP2/6-311þþG(2d,2p), and M05-2X/6-311þþG(2d,2p) and the results are included in the ESI.w 83, 84 3. Results and discussion a Structures and vibrational frequencies of the monomers Fig. 1 displays the theoretical and experimental geometrical parameters for the isolated systems studied in this work. One can notice that the optimized geometrical parameters evaluated at B3LYP/6-311þG(2d,2p) level quantitatively agree with the experimental results obtained from literature, [85] [86] [87] [88] showing a maximum difference of 0.04 Å for distances and 71 for angles, both maxima for the sulfuric acid structure. The optimized geometric parameters at B3LYP/6-31þG(d,p) level are not reported in Fig. 1 , but they also show a good agreement with the largest basis set, displaying maximum deviations of 0.03 Å and 21 for distances and angles, respectively.
In order to check if this agreement between theoretical and experimental geometric parameters for the isolated systems can also be extrapolated to their spectroscopic counterpart, Tables 1-3 contain the calculated harmonic and anharmonic vibrational frequencies and their experimental counterparts for the 5 monomers studied in this work. In addition, these tables also include the mean absolute deviation, D mean , and the maximum deviation, D max , values of the theoretical vibrational frequencies with respect to the experimental values. The D mean has been calculated as the sum over all normal modes of the absolute difference between the theoretical frequency and the The first important conclusion obtained from Tables 1-3 is that the theoretical vibrational frequencies are converged with respect to the size of the basis set. Thus the increase of 6-31þG(d,p) to 6-311þG(2d,2p) basis sets is not crucial for the evaluation of the infrared anharmonic spectra of the monomers. This fact can be noticed by comparing the harmonic and anharmonic frequencies obtained using the two basis sets with respect to the experimental values. For instance, the anharmonic D mean using the 6-311þG(2d,2p) basis set lies in the range from 7.4 to 34.8 cm
À1
, while the ) from the remaining modes, which is out of the Barone code capabilities..
It is important to remark that the good performance of the VPT2 methodology to reproduce the IR spectrum of these monomers is observed even in the case with the largest perturbation correction to the harmonic frequencies, i.e. the O-H stretching of the hydroperoxyl radical. In this mode, the anharmonic perturbation correction is À206.1 cm À1 (3410.8 minus 3616.9 cm À1 ), but whereas the difference between the anharmonic frequency and the experimental value is only À25.4 cm
, its harmonic counterpart is 180.7 cm
. To sum up, these results lead us to conclude that the VPT2 methodology with a potential energy surface obtained at B3LYP/6-31þG(d,p) level represents an effective and reliable choice to reproduce the experimental spectra of the monomers studied in this work. In the incoming sections, we will also use this level of methodology to provide accurate geometries, stabilities, and mainly vibrational spectra for the hydroperoxyl radical-neutral complexes.
b Structures and stabilities of the hydrogen-bonded complexes
The geometric parameters for the 4 hydrogen bonded complexes optimized at B3LYP level using the 6-31þG(d,p) and 6-311þG(2d,2p) basis sets are displayed in Fig. 2 . The names used to refer each studied complex is also reported in Fig. 2 . Table 4 collects their relative electronic energetic stabilities, DE, relative electronic energies with their harmonic, ZPVE har , and anharmonic, ZPVE anhar , zero-point vibrational energy contributions, enthalpies with harmonic, DH har , and anharmonic contributions, DH anhar , and Gibbs free energy also with harmonic, DG har , and anharmonic, DG anhar . Our results with respect to geometric, energetic stabilities, and harmonic ZPVE, enthalphies, and Gibbs free energies compare very well with those previously reported in the literature. [18] [19] [20] [21] [22] Then, we will only discuss their main features. First of all, note that the complexes studied present cyclic seven member ring structures, stabilized by two hydrogen bonds. One hydrogen bond is formed with the hydrogen of the hydroperoxyl radical and the oxygen of the carbonyl group (sulfonyl and nitro groups in the cases of sulfuric and nitric acids, respectively, OOHÁ Á ÁOXOH). The other hydrogen bond is formed between the acidic hydrogen and the terminal oxygen of the hydroperoxyl radical (OXOHÁ Á ÁOOH). Thus, each moiety of the complex acts as hydrogen donor and acceptor simultaneously. The results displayed in Fig. 2 show again a good agreement between the geometric parameters obtained using the two basis sets with maximum deviations of 0.02 Å and 21 for the distances and angles, respectively, both maxima for C4. Then from now on, the only geometric parameters discussed in the text are those obtained with the largest basis set.
The computed distances for the OOHÁ Á ÁOXOH hydrogen bond vary among 1.612 and 1.773 Å , whereas for the OXOHÁ Á ÁOOH hydrogen bond the distances vary among 1.680 and 1.740 Å . Please note that for the C1 and C2 complexes the OOHÁ Á ÁOXOH bond lengths are shorter than the OXOHÁ Á ÁOOH bond distances, while for C3 and C4 the contrary holds. As pointed out by Steiner, 89, 90 these OHÁ Á ÁO hydrogen bond interactions can be understood as an incipient proton transfer reaction, so that the different hydrogen bond distances reflect, and in some way form a phenomenological point of view about the distinct acidic character of each monomer.
Regarding the energetic stability, the D(E þ ZPVE anhar ) values from Finally, it is worth noting that the introduction of the harmonic ZPVE, enthalpic and Gibbs free energy corrections in the calculation of the energetic stabilities is quite relevant whereas the additional consideration of the anharmonic effects is irrelevant. For instance, the D(E þ ZPVE har ) and D(E þ ZPVE anhar ) values differ by o0.2 kcal mol À1 (see Table 4 ). Consequently, we conclude that the effect of anharmonicity in estimating the stabilization energies of these complexes is very small. On the other hand, the change of the 6-31þG(d,p) to the 6-311þG(2d,2p) basis set shows an effect in the DE values of around 0.5 kcal mol
À1
. Then the basis set superposition error (BSSE) will possess an important role in the stabilization energy of these complexes (around 2 kcal mol À1 ), as it has been pointed out in the literature. 21, 22 Nevertheless, although the BSSE for a basis set with diffuse functions included could cause changes in the anharmonic vibrational frequencies of hydrogen-bonded dimers between 1-20 cm À1 , 91 these corrections would not change the conclusions of this paper about the important role of anharmonic corrections.
c Anharmonicity of the hydrogen-bonded complexes
This section will be devoted to the analysis of the basis set dependency and the anharmonicity character of the vibrational spectra of hydrogen-bonded complexes. The harmonic and anharmonic vibrational frequencies and harmonic intensities of the four complexes studied using the 6-311þG(2d,2p) basis set are listed in Tables 5-8 . The values obtained with the 6-31þG(d,p) basis set are also reported in the ESI.w
As has been noticed in the isolated molecules, the calculation of the harmonic vibrational frequencies shows a good convergence with respect to the basis set size. Then the use of the 6-311þG(2d,2p) instead of 6-31þG(d,p) basis set is not essential for the evaluation of the harmonic vibrational View Online frequencies. For instance, the average of the differences between the harmonic vibrational frequencies evaluated using the two basis sets lies in the range from 7.0 (C2) to 13.3 (C4) cm À1 , although some specific vibrational modes, e.g. the OO-H stretching of the complex C2, can have a difference of around 50 cm
À1
. On the other hand, the anharmonic VPT2 vibrational frequencies show a slightly larger basis set dependency. The values of the average of the differences between the anharmonic vibrational frequencies using the two basis sets vary from 12.6 (C2) to 18.3 (C4) cm
. At this point we want to stress the effect of the basis set on the stretching of the OO-H bond and the bending of the hydroperoxyl radical of complex C2. For these modes the improvement of the basis set employed (from 6-31þG(d,p) to 6-311þG(2d,2p)) provokes a change in the VPT2 vibrational frequencies of 68.1 and 79.5 cm
, respectively. 83 However, as we will show in the incoming paragraphs, this basis set dependency in the vibrational frequencies is small with respect to the effect of the inclusion of the anharmonicity.
The values displayed in Tables 5-8 indicate that the anharmonic contribution provokes differences of around 40 cm À1 with respect to the harmonic values. However, in some cases (highly anharmonic modes) these differences can rise up to 300 and 450 cm À1 . These highly anharmonic modes are mostly vibrations associated to hydrogen bond interactions (e.g.
the stretching frequencies of C/N/S(O)-H and OO-H bonds, the bending of the hydroperoxyl monomer, or the C/N/S(O)-H and O-(O)H waggings out of the plane). The
O-H stretchings involved in the hydrogen bonds could be considered the most relevant, with displacements larger than 250 cm À1 from the harmonic ones at VPT2 level of theory. For instance, ) at the B3LYP/6-311þG(2d,2p) level, indicating the important anharmonicity of this complex. Another interesting system to be analyzed is complex C4 (see Table 8 ), which shows a clear link between the anharmonicity of the O-H stretchings and the hydrogen bond interaction. Whereas the VPT2 anharmonic correction for the frequency of the stretching of the isolated SOH group is À169.0 cm À1 , its counterpart for the stretching of the complex SOH group, which forms the hydrogen bond with the hydroperoxyl radical, is À368.3 cm
À1
. There are several other vibrational modes that also show a high anharmonicity degree. For instance, the bending of the hydroperoxyl moiety presents differences between the computed harmonic and anharmonic values of 95.8 cm À1 for the C1 complex. These results illustrate a Numbers in parentheses are the ratios between the intensity of the complex and the corresponding intensity in the monomer, displayed in Tables 1 and 2 .
b The values in parentheses are shifted relative to the monomers, displayed in Tables 1 and 2. the relevance of the VPT2 correction in the evaluation of vibrational spectra for species with weak interactions. Indeed the important effect of the VPT2 correction is more evident if one focuses on the shift between the frequencies of the monomers and their counterparts in the complexes (see section d). Last but not least, it is important pointing out that some of the largest anharmonic corrections to vibrational frequencies have to be taken with caution since they have been evaluated using a truncated PES and the perturbation theory. 84 The coupling between anharmonic low and high frequency modes generate very large cubic and quartic force constants, which could be a handicap for the convergence of the perturbation method. Nevertheless, the VPT2 procedure leads to an excellent theoretical simulation of the experimental spectra for all monomers (vide supra). This very good performance of VPT2 for the monomers makes us believe that the VPT2 ) and harmonic intensities (in km mol À1 ) at B3LYP/6-311þG(2d,2p) level for the CH 3 a Numbers in parentheses are the ratios between the intensity of the complex and the corresponding intensity in the monomer, displayed in Tables 2 and 3 .
b The values in parentheses are shifted relative to the monomers, displayed in Tables 2 and 3 . a The numbers in parentheses are the ratios between the intensity of the complex and the corresponding intensity in the monomer, displayed in Tables 1 and 2 .
b The values in parentheses are shifted relative to the monomers, displayed in Tables 1 and 2. results for the largest anharmonic corrections to vibrational frequencies of the hydrogen-bonded complexes will represent at least an improvement of the approximate harmonic ones. In order to validate the VPT2 results for these highly anharmonic systems it would be necessary to apply vibrational variational methods, i.e. VCI or VCC, and using a full PES, although this point is outside the scope and possibilities of this work. In any case, we are confident that the anharmonic effects computed in this way will help experimentalists to identify and characterize these hydrogen bonded complexes.
d The importance of the anharmonic effects in the shifts between hydrogen bounded complexes and monomer IR spectra
The IR spectra have been proven to be an important tool for identifying and characterizing hydrogen bonded complexes when compared with those of the separated monomers. Conventional hydrogen bonds of the type O-HÁ Á ÁO, considered in the present work, produce a red-shift in the O-H stretching band in an amount that depends on the strength of the hydrogen bond. Moreover, the O-H stretching intensities are enhanced according to the changes in the associated dipole moments. These shifts are very useful for the complex identification, but the formation of the complexes can also produce significant changes in other IR frequencies.
In addition, as has been pointed out above, new bands appear as a consequence of the interactions occurring in the formation of the complex, which can also be considered as a signature of the complexes. The predictions derived from the theoretical work constitute an important help for the identification of the spectra and in the following we will focus our attention on the anharmonic effects, with the aim of aiding possible experimental work. In Tables 5-8 we have collected, in parentheses, the shift of the vibrational frequencies of the complexes relative to the monomers and the ratios between the intensity of the complexes and their corresponding monomers, according to the calculations performed at the B3LYP/6-311þG(2d,2p) level of theory. The first point we have analyzed is the effect of the anharmonicity in the Dn values. The results from Tables 5-8 show that, in many cases, the effect of anharmonicity on Dn is larger than on n. For instance, on one hand the CO-H stretching of C1 is computed to be n(har) ¼ 3201.9 cm À1 and n(anhar) ¼ , which represents around 20% of the Dn values (see Table 5 ). For the other complexes considered, similar differences are also observed, with the maximum value between Dn(har) and Dn(anhar) being À242.9 cm À1 for the OO-H stretching of C2 (Dn(har) ¼ À699.9 cm À1 and Dn(anhar) ¼ À942.8 cm
; see Table 6 ). These results exclude a possible cancellation effect in the prediction of the IR-shifts due to the fact that the anharmonic effects have been considered in both the complex and the monomers, and points out that the anharmonicity effects become very important in the evaluation of the vibrational shifts of these complexes.
After this analysis we will mainly focus on the anharmonic values and we will discuss Dn of four main groups of vibrational modes, namely (a) the O-H stretchings associated to the hydrogen bond interactions such as those of the acidic a Numbers in parentheses are the ratios between the intensity of the complex and the corresponding intensity in the monomer, displayed in Table 2 .
b The values in parentheses are shifted relative to the monomers, displayed in Table 2 .
c The H does not interact with the hydroperoxyl radical.
d The H interacts with the hydroperoxyl radical. in the case of the C/N/S(O)-H groups, whereas the corresponding intensities are enhanced between 4 and 44 times (SO-H and OO-H modes in C4, respectively). Another point of interest refers to the absolute intensities of these bands in the complexes. For C1 and C2 the acidic XO-H band is considerably more intense and is located at higher vibrational frequencies than the OO-H band, while the contrary holds for C4 and C5. These results are related to the different acidic character of both groups in the complexes as reflected in the corresponding hydrogen bond distances (vide supra).
(b) The calculations predict important blue-shifts in the OOH and XOH bending modes ranging from 8 (37 excluding the symmetric bending SOH) cm À1 to 290 cm
. The changes in the intensities of these bands relative to those of the monomers vary by a factor of 5.7-0.4. These facts combined with the absolute intensity values in each complex allow us to predict that only the OOH bending in C1, C2, C3, and C4 and the XOH bending in C3 and C4 will be easily distinguishable with respect to their monomers in the IR spectra.
(c) The XQO stretchings are predicted to be red-shifted among 42 and 95 cm À1 (excluding the asymmetric stretching of the NQO 2 with only 1.6 cm À1 ) and their intensities are expected to diminish by a factor of 0.6-0.8, although in the asymmetric stretching of the SQO 2 the intensity is increased by a factor of 2.6. However, in all complexes the absolute intensity value of these bands is quite high (around 250 km mol À1 ), which allows to distinguish them.
(d) Tables 5-8 show that among the new IR bands originated as a consequence of the complex formation, the H(O)O wagging will be the most easily distinguishable. It will appear in the region between 590 and 800 cm À1 , where no other relevant IR bands are predicted. Their intensities are computed to be around 10% of the maximum of each complex.
Conclusions
The harmonic and anharmonic vibrational spectra of the most stable hydrogen bonded complexes formed between the hydroperoxyl radical and formic, acetic, nitric, and sulfuric acids and their corresponding monomers have been reported. The potential energy surface of these systems has been evaluated at B3LYP level using the 6-31þG(d,p) and 6-311þG(2d,2p) basis sets and approximated by a Taylor series in normal coordinates including the quadratic, cubic, and semidiagonal quartic forces, while the second-order vibrational perturbative treatment implemented by Barone in the Gaussian package has been used to calculate the anharmonic vibrational frequencies.
Regarding the separate monomers, namely the different acids and the HOO radical considered, our calculations taking into account the VPT2 anharmonic contribution predict with respect to the harmonic frequencies; although in some cases involving highly anharmonic modes these differences can rise up to 300 and 450 cm À1 . (c) The computed vibrational frequencies of the C1-C4 complexes have been analyzed in comparison with those of the separate monomers which will help the experimental identification of these complexes. Among others, our calculations predict very large red-shifts for the OH stretching modes and important blue-shifts for the OOH and XOH bending modes. (d) Furthermore, the appearance of new IR bands originated as a consequence of the complex formation, may also act as a signature of these hydrogen bond complexes. Finally, our VPT2 calculations could be improved and validated using more accurate full PES and variational vibrational wavefunctions. On the one hand, the quality of the PES could be improved interpolating the data obtained from a fine grid that should include the explicit coupling between the modes. On the other hand, variational methods as VCI or VCC could be used to obtain very accurate variational wavefunctions. However these types of calculations for the systems studied in this work are outside our computational capabilities due to their high computational cost. Nevertheless, in the future we plan to perform such type of calculations taking profit of efforts that are currently in progress in order to reduce their cost.
